Abstract. Eg5 is a member of the kinesin-5 family. It is involved in the formation of the bipolar spindle and serves a crucial role in mitosis; meaning that mitotic activation may serve as a chemotherapeutic strategy. However, the anticancer activity of Eg5 inhibitors in neuroblastoma remains uncharacterized. In the present study, the expression of Eg5 was examined in clinical tissue samples and neuroblastoma cell lines, SK-N-SH, SH-SY5Y and SK-N-BE2. Additionally, the antitumor activity of the Eg5 inhibitor, S-trityl-L-cysteine (STLC), was confirmed in vitro. STLC could mediate cell apoptosis, as well as cell cycle arrest, in a dose-dependent manner, which may contribute toward its antitumor activity. STLC-mediated apoptosis and cell cycle arrest were triggered by activation of the mitogen-activated protein kinase and nuclear factor kB signaling pathways. These results suggested that STLC may have potential in the in vivo treatment of neuroblastoma.
Introduction
Neuroblastoma (NB) is among the most common types of solid tumor in children (1) . NB has a high degree of malignancy, a high mortality rate and a poor prognosis, posing diagnostic and therapeutic challenges for pediatricians (2, 3) . Spontaneous remission occurs in the majority of infants with NB (3, 4) . However, the disease may be disseminated to the liver, skin and bone marrow at diagnosis (1) . The survival rate of infants with stage 4s NB >95% (2, 3) . Children with high-risk NB are resistant to intensive therapy, and the prognosis for recurrent or metastatic disease is poor, with a 5-year survival rate of <30% (5). Therefore, the identification of effective and efficient targeted therapies is required to improve the prognosis of patients with NB.
It has been reported that MYCN gene amplification occurs in 25-30% of NB cases, and that it is a predictive biomarker of a poor prognosis and tumor aggressiveness (3) . Eg5, also known as kinesin-like spindle protein, is a member of the mitotic kinesin superfamily, which modulates microtubule tracks for intracellular transport or cell division (6) . A number of Eg5 inhibitors have undergone clinical testing as antimitotic drugs (7) (8) (9) (10) (11) . Minstrel and its analogs, as well as other chemically distinct small molecules, including S-trityl L-cysteine (STLC), are allosteric inhibitors that bind to a unique pocket in the Eg5 motor domain formed by secondary structural elements (helix a2/loop L5/helix a3) (12, 13) .
In the present study, Eg5 expression was examined in human NB SK-N-SH, SH-SY5Y and SK-N-BE2 cell lines, and tissue specimens from patients with NB using immunofluorescence and western blotting. It has been reported that the antitumor activity of Eg5 inhibitors depends on cell cycle arrest and the promotion of cell apoptosis (7) . However, the underlying molecular mechanisms remain to be elucidated.
Materials and methods

Materials.
The human NB SH-SY5Y (SY5Y), SK-N-SH (SK) and SK-N-BE2 (BE2) cell lines were purchased from The Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Shanghai, China). The cells were maintained in a humidified atmosphere containing 5% CO 2 and 95% air at 37˚C in Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA), supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.). The anti-Eg5 (cat. no. ab51976; 1:400) and anti-β-actin (ab6276 1;250) primary antibodies were obtained from Abcam (Cambridge, UK Tris-buffered saline with Tween, the membranes were scanned using aLAS-4000 Mini system (FujiFilm, Tokyo, Japan).
Flow cytometric analysis of apoptosis. Cells were seeded into a 12-well plate and treated with 0, 1, 5, 10 or 20 µmol/l STLC for 72 h. The cells were then harvested by trypsin and washed with PBS. The cells were stained with 5 µl Annexin V and 5 µl 7-AAD1 h at 37˚C using a BD Pharmingen-FITC Annexin V Apoptosis Detection kit (cat. no. 556547; BD Biosciences), according to the manufacturer's protocol. Apoptotic cells were analyzed using a BD Fortessa flow cytometer (BD Biosciences). The data were analyzed using FlowJo software LLCv.10 (Ashland, OR, USA).
Flow cytometric analysis of cell cycle. A total of 3x10 4 cells were seeded into a 12-well plate and treated with 1, 5, 10 or 20 µmol/l STLC for 72 h. The cells were then harvested and washed with PBS. The cells were fixed and treated with 10% propidium iodide at 37˚C 2 h (BD Biosciences), according to the manufacturer's protocol. Cells were analyzed using a BD Fortessa flow cytometer (BD Biosciences). The percentage of cells in the G1, S and G2-M phases was calculated. All experiments were performed in triplicate. The data were analyzed using FlowJo software LLCv.10 (Ashland, OR, SA).
Fluorescence in situ hybridization (FISH).
A total of 3x10 4 cells (SK, SY5Y and BE2) were seeded into a 6-well plate. The cells were then harvested by trypsin and washed with PBS. BE2 were seeded into a 6-well plate treated with 1 µmol/l or 5 µmol/l STLC for 48 h. Vysis LIS N-MYC SO Probe (Abbott Pharmaceutical Co., Ltd., Lake Bluff, IL, USA) with its corresponding hybridization buffer was removed, 1 µl probe, 2 µl ddH 2 O and 37 µl hybridization buffer were added to make up a final volume of 40 µl. The solution was microcentrifuged for 2 sec at 37˚C at 550 x g, 10 µl probe was added onto the slide and a square glass coverslip was added for 2 min at 72˚C. The solution was placed into a humidified chamber at 37˚C overnight. A coplin jar containing 40 ml 0.4X SSC was placed in a 75˚C water bath for 30 min. A total of 40 ml 2X SSC/0.1% NP40 was added to another coplin jar at room temperature. Slides were removed from the incubation chamber and rubber cement and coverslips from the first 4 slides were removed. The slides were placed directly into 2X SSC/0.1% NP40 for 1 min at 37˚C. Slides were removed and dried off using a paper towel. Slides were air dried in the dark. A total of 10 µl DAPI II was applied at room temperature for 1 h, prior to being transferred to a 24x50 mm coverslip. Epi-fluorescence microscopy was then used at x1,000 magnification. mRNA microarray analysis. SY5Y were seeded into a 6-well plate treated with 0 or 5 µmol/l STLC for 72 h at 37˚C, the cells were then harvested by trypsin and washed twice with PBS. Total RNA was isolated using TRIzol ® reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocols, and purified using an RNeasy Mini kit (Qiagen GmbH, Hilden, Germany). RNA samples were processed for array hybridization using the GeneChip one-cycle target labeling kit (Affymetrix, Inc, Santa Clara, CA, USA) for amplification and labeling of total RNA. Target synthesis was performed following the Affymetrix GeneChip Expression Analysis Technical Manual, rev. 5 (http://www.affymetrix. com/support/technical/manual/expression_manual.affx) with minor modification. Using 2-4 µg total RNA as an input, mRNA was converted to double-stranded cDNA and purified by phenol-chloroform-isoamyl alcohol extraction and ethanol precipitation to generate biotinylated cRNA targets and then biotinylated cRNA targets for the GeneChip ® PrimeView™/U133 plus 2.0 Human Gene Expression Array. The biotinylated cRNA targets were then hybridized with the microarray. Following hybridization, arrays were stained with Cy5-dCTP in the Fluidics Station 450 at 45˚C for 16 h and scanned on the Affymetrix Scanner 3000. The microarray experiments were performed according to the protocol of Affymetrix (Thermo Fisher Scientific, Inc.). The raw data were normalized with the MAS 5.0/RMA algorithm to the control group using the Gene Spring Software 11.0 (Agilent Technologies, Inc., Santa Clara, CA, USA). Genes with a fold change of >2 were selected for further analysis.
Statistical analysis. All statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). Data are expressed as the mean ± standard deviation. Comparisons of the means of 2 groups were conducted using Student's t-test. Comparisons of the means of ≥3 groups were conducted using one-way analysis of variance. Comparisons between the groups was made by analyzing data with Student-Newman-Keuls post hoc method. P<0.05 was considered to indicate a statistically significant difference.
Results
Expression level of MYC oncogene (MYCN) in NB cells.
Previous studies have demonstrated that amplification and overexpression of MYCN is associated with a poor prognosis in NB (2, 3) . To investigate and confirm the expression of MYCN in SK, SY5Y and BE2 cell lines, MYCN gene amplification was detected by fluorescence in situ hybridization (FISH). MYCN gene amplification was identified in BE2 cells (Fig. 1) .
Eg5 in NB tissues specimens and cell lines. Eg5 is expressed in the testis, thymus, tonsils and bone marrow and is absent from the adult human central nervous system. Eg5 is overexpressed in breast, lung, ovarian, bladder and pancreatic cancer. Previous studies have demonstrated that Eg5 is of central importance in driving the assembly of the mitotic spindle, and is also a promising chemotherapeutic target. Inhibition of Eg5 by small molecule inhibitors results in monopolar spindles and mitotic arrest, which may lead to cell death (14, 15) . However, to the best of our knowledge, no previous studies have reported whether Eg5 is expressed in NB. Therefore, in the present study, the expression level of Eg5 was determined in SK, SY5Y and BE2 cell lines ( Fig. 2A and B) . Eg5 protein expression in NB and NGB tissues was observed using immunofluorescence (Fig. 2C) . Eg5 staining was also observed in the glomerulus but not in liver, renal tubule or intestine tissues (Fig. 2D) .
STLC has no effect on MYCN gene amplification and expression. As a selective allosteric inhibitor of Eg5, STLC blocked the bipolar spindle formation that causes mitotic arrest and ultimately leads to apoptotic cell death (7) . In order to investigate whether STLC affects MYCN expression, the BE2 cells were treated in the absence or presence of the inhibitor (1 and 5 µmol/l STLC for 48 h due to the differences observed at these concentrations). STLC treatment did not affect MYCN amplification (Fig. 3) , suggesting that the antitumor activity of STLC was not dependent upon MYCN amplification.
STLC inhibits the expression of Eg5 protein and promotes cell apoptosis and cell cycle arrest.
STLC is known to cause cell death and inhibit cell proliferation in solid tumors (11) . The present study aimed to determine whether STLC may induce apoptosis and cell cycle arrest in NB cells. The percentage of apoptotic cells in the SY5Y and BE2 cell lines increased with increased STLC concentrations (Fig. 4A) . Compared with the untreated control group, the change in the percentage of apoptotic cells was notable at 5 µmol/l STLC. Flow cytometric analysis indicated that STLC treatment induced cell cycle arrest at G2/M phase (Fig. 4B ). In accordance with the cell apoptosis results, the population shift in cell cycle arrest from G1 phase to G2/M phase was notable at 5 µmol/l STLC. The expression of Eg5 decreased in a dose-dependent manner in response to STLC treatment ( Fig. 4C ) with no marked differences between the 48 and 72 h time points. mRNA microarray analysis. GSEA analysis demonstrated that STLC regulates MAPK and NF-κB signaling pathways. The results demonstrated that the MAPK and NF-κB signaling pathways were activated in cells treated with 5 µmol/l STLC compared with the control group (Fig. 5) . 
Discussion
NB is a pediatric disease, which arises from sympathoadrenergic neural crest progenitor cells of the peripheral nervous system (16, 17) . Due to the high risk and recurrence rate of advanced NB, and the lack of specific biomarkers, there are currently no efficient treatment approaches for neuroblastoma (18) . Methods for predicting patient response to chemotherapy are being developed (3). The present study aimed to identify the signaling pathways associated with STLC. Previous research has suggested that promoting cell apoptosis and cell cycle progression arrest may be an important molecular mechanism of antitumor activity (17, 18) . In the present study, three NB cell lines (SY5Y, SK and BE2) were used to examine STLC-induced cell apoptosis and cell cycle progression.
As a kinesin spindle protein, Eg5 is involved in mitosis and its inhibition promotes mitotic arrest (19, 20) . Eg5 inhibitors are effective compared with anti-tubulin drugs, which have dose-limiting side effects (21). Eg5 does not serve a role in resting and non-dividing cells (13) . Beneficial effects of suppression of Eg5 function/expression have been suggested in breast, lung, colon, ovary and prostate cancer in vitro (22) (23) (24) .
Numerous inhibitors of Eg5 have been discovered, including monastrol, S-trityl-L-cysteine (STLC) and ispinesib (7) . These inhibitors bind an allosteric site located between a helix 3 and loop 5 of the Eg5 domain (13) . Although Eg5 inhibitors have reached pre-clinical dose-limiting toxicity trials, the molecular mechanism underlying the antitumor activity has not been elucidated (25) . EMD 534085, a potent, reversible Eg5 inhibitor, has demonstrated significant preclinical antitumor activity (10) . Previous studies reported that a selective inhibitor, LY2523355, arrests cancer cells in mitosis and causes rapid cell death (8, 10, 26) . Previous research has evaluated the function of STLC in prostate cancer, indicating that docetaxel-resistant prostate cancer cells remain responsive to Eg5 inhibition in response to STLC treatment (12, 27) . STLC has been demonstrated to exhibit higher potency compared with monastrol or terpendole E in inducing mitotic arrest (28) .
In the present study, the anticancer activity of STLC was characterized in NB. Eg5 was demonstrated to be overexpressed in NB tissue specimens and cell lines. It was also observed that the expression level of Eg5 was increased in BE2 cells exhibiting MYCN amplification compared with SY5Y and SK cells. Therefore, it was hypothesized that the expression of MYCN, an essential regulator of cancer progression (3) , is associated with the antitumor activity of STLC. However, immunofluorescence analysis revealed that STLC did not affect the expression of MYCN. To further investigate whether STLC exhibits antitumor activity in NB, cell apoptosis and cell cycle progression was analyzed. Cell cycle analysis demonstrated that STLC treatment resulted in a dose-dependent increase in the number of cells with polyploidy DNA content, and that the cell cycle was arrested at G2/M phase. Cell apoptosis analysis revealed that STLC induced cell apoptosis in a dose-dependent manner.
Centrosome separation is stringently controlled by mitotic kinases, including cyclin-dependent kinase 1 (Cdk1), polo-like kinase 1, Aurora A and mitosis gene-A-related kinase 2. However, the molecular mechanism by which these kinases contribute toward the activity of Eg5 inhibitors remains unknown (29, 30) . Previous studies have identified that Cdk1 triggers centrosome separation in the late G2 phase by phosphorylating the motor protein Eg5 at Thr927 (31, 32) . In the present study, a robust increase in the percentage of apoptotic and G2/M-phase DNA content was observed in response to 5 µmol/l STLC compared with control cells. At the transcriptional level, a significant activation of the NF-κB and MAPK pathways was identified at 5 µmol/l STLC compared with control cells. Neuronal differentiation in early development involves neuronal fate determination and a series of morphological changes, including neurite initiation, extension, and maturation of axons and dendrites (33) . During neurite growth, multiple signaling pathways are activated, including the MAPK and PI3K-Akt pathways (34) . Whether or not the activation of NF-κB and MAPK pathways in response to the STLC treatment was associated with neuronal differentiation remains to be elucidated.
To investigate the possible signaling pathways associated with STLC-induced apoptosis, the activity, expression and localization of the caspase 3/8 were analyzed. It has been previously investigated how anti-mitotic drugs cause apoptosis. A number of studies have suggested that the effectiveness of the spindle checkpoint is the primary determinant in response to taxanes and other anti-mitotic drugs (35) (36) (37) . Future studies may involve determining the apoptotic signaling pathway by mRNA expression profiling in order to confirm which genes or targets from these signaling pathways significantly affect cell cycle progression.
To the best of our knowledge, the present study was the first to demonstrate cell apoptosis and cell cycle arrest in NB cell lines induced by STLC. The investigation of the NF-κB and MAPK signaling pathways provides a basis for elucidating the molecular mechanism of STLC antitumor, as well as for the development of therapeutic strategies targeting specific biomarkers in NB.
